Neutral current single pion production induced by neutrinos and antineutrinos on nucleon targets has been investigated in manifestly relativistic baryon chiral perturbation theory with explicit ∆(1232) degrees of freedom up to O(p 3 ). At low energies, where chiral perturbation theory is applicable, the total cross sections for the different reaction channels exhibit a sizable non-resonant contribution, which is not present in event generators of broad use in neutrino oscillation and cross section experiments such as GENIE and NuWro. * dlyao@impcas.ac.cn † Luis.Alvarez@ific.uv.es ‡ Manuel.J.Vicente@ific.uv.es
I. INTRODUCTION
In recent years, more precise measurements of neutrino cross sections have been achieved, and more experiments are still ongoing or planned to enrich the wealth of data for a better determination of the mechanisms of neutrino interactions with matter (see for instance Ref. [1] and references therein). A better understanding of neutrino interactions with nucleons and nuclei is of particular importance to achieve the precision goals of modern neutrino-oscillation experiments [2, 3] .
Neutrino-and antineutrino-induced single pion production are among the dominant contributions to the inclusive (anti)neutrino-nucleus cross section in the relevant energy regime of several experiments. In particular, neutral current (NC) π 0 production can mimic the electron-like signal in ν µ → ν e (ν µ →ν e ) measurements. Currently, uncertainties at the 20 − 30% level have to be considered for single pion production in the analyses of oscillation experiments, owing to the conflict between data sets and models [4] . Single pion production off the nucleon, as a fundamental ingredient of the corresponding process on nuclei should be investigated.
Weak single pion production off the nucleon has been extensively studied at intermediate energies with various phenomenological models. Models accounting for the ∆(1232) resonance and higher nucleon excitations have been developed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , with some studies specifically addressing the NC case [21, 22] . In addition to nucleon excitation, most of these models incorporate non-resonant amplitudes with form factors in the vertices. In Ref. [11] , and others afterwards, the non-resonant contribution fulfills the constraints of chiral symmetry at threshold. No power counting was introduced except in Ref. [15] .
Recently, a well founded low-energy model for chargedcurrent (CC) weak single pion production off the nucleon has been developed in Ref. [23] on the basis of covariant baryon chiral perturbation theory (ChPT) [24] [25] [26] [27] [28] . The study has been systematically performed up to chiral order O(p 3 ), where loop diagrams are present. The extended-on-mass-shell (EOMS) scheme [29] was adopted to remedy the power counting breaking of ChPT in the presence of baryons [30] . The EOMS scheme has been extensively used in various studies of baryonic phenomenology, see e.g. Refs. [31] [32] [33] [34] [35] [36] [37] [38] , even beyond the low-energy region [39] . Furthermore, the ∆ resonance was explicitly included according to the δ-counting rule from Ref. [40] .
In this letter, we extend the study to the neutralcurrent reactions. For this purpose, new isoscalar amplitudes, not present in the CC case and involving three distinctive low-energy constants (LECs), need to computed. Following a general description of the electroweak amplitude for NC weak pion production on the nucleon, the external currents and the relevant terms of the chiral Lagrangian are introduced. The calculation of the hadronic matrix elements is then briefly described. Numerical results for integrated cross sections at low energies are presented in comparison to the output of neutrino event generators and phenomenological models.
II. NEUTRAL-CURRENT SINGLE PION PRODUCTION
Neutrino-induced single-pion production off the nucleon is represented by
with the four momenta of all particles indicated in parenthesis; b denotes the pion isospin index. In the standard model, this process is mediated by the vector Z-boson, propagating with mass M Z and transferred momentum squared t 1 = (k 1 − k 2 ) 2 . Under the one-boson exchange approximation and in the limit of t 1 M 2 Z , the Lorentzinvariant amplitude is cast as
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where G F = 1.166 × 10 −5 GeV −2 is the Fermi constant. The factor in square brackets is the leptonic current, while the one after is the neutral current hadronic matrix element. Its isospin structure has the form
Here τ b denotes a Pauli matrix; χ i,f are isospinors of the initial and final nucleons. H ± α stand for the isospin even/odd amplitudes, responsible for the isovector part of the NC. Likewise, H 0 α is the isoscalar amplitude. These isospin amplitudes are often further recast in terms of Lorentz vector (V α ) and axial-vector (A α ) amplitudes, as
with sin θ W 0.464, being the sine of the weak angle θ W . Isospin symmetry implies that V ± α and A ± α are also present in the corresponding CC reactions 1 . Hadronic amplitudes for all the physical processes can be obtained from the isospin ones H ±,0
For the antineutrino-induced reactions, one just needs to substitute ν →ν in Eqs (1) and (4) and, correspondingly, u(k 1 ) → v(k 2 ),ū(k 2 ) →v(k 1 ) in Eq. (2).
III. HADRONIC AMPLITUDES FROM CHPT
We proceed by deriving the hadronic amplitudes in ChPT, aiming at a systematic description of NC weak pion production at low energies. In Ref. [23] , the CC single pion production has been studied in covariant ChPT with explicit ∆ resonances up to O(p 3 ). The same framework therein can be extended to the NC case; the chiral Lagrangian should be now coupled to the following external fields: 
with an identical factor from the leptonic vertex, written in terms of G F in Eq. (2) . Left and right fields contribute to H ± α which, in practice, can be directly taken from the CC calculation of Ref. [23] thanks to isospin symmetry, as explained in the previous section. The additional terms in the chiral Lagrangian required for the NC calculation up to O(p 3 ) are
where
and v s µν denotes its trace in flavor space; Ψ N = (p, n) T represents the nucleon doublet and m is the nucleon mass in the chiral limit. Here the parameters c 7 , d 7 and d 9 are additional LECs distinctive of the NC production reactions. The above Lagrangian terms are extracted from Ref. [41] by singling out the isoscalar current. For this purpose, the current tensor F + µν and the covariant derivative D µ in that paper should be split as follows:
where f + µν is constructed from l µ and r µ in Eqs. (5) and (6) . We refer the readers to Ref. [41] for the explicit expressions of the chiral blocks.
The calculation of H 0 α can be readily carried out following the procedure demonstrated in detail in Ref. [23] and using the same topologies of Feynman diagrams. We apply the δ-counting rule [40] due to the inclusion of explicit ∆ resonances and the low energies considered. Like in the CC case, the obtained analytical expressions are too lengthy to be displayed explicitly here. They are available from the authors upon request. We have checked that all the ultraviolet (UV) divergences and power counting breaking (PCB) terms in loops can be properly canceled by the LECs in the chiral Lagrangians. Interestingly, it turns out that the sum of the isoscalar loop amplitudes suffer from neither UV divergences nor PCB, indicating that the β functions for the new LECs c 7 , d 7 and d 9 are equal to zero. Namely,
where X r andX are UV-and EOMS-renormalized counterparts for the parameter X. All the other LECs are renormalized as described in section III.D of Ref. [23] .
IV. TOTAL CROSS SECTION AND NUMERICAL RESULTS
In the center-of-mass (CM) frame of the initial (anti)neutrino-nucleon pair, the total cross section takes the form
where s ≡ (k 1 + p 1 ) 2 , x 1 ≡ cos θ 1 , with θ 1 the angle between k 1 and k 2 ; φ 12 is the angle between the k 1 ∧ k 2 plane and the k 2 ∧ q plane (see Figure 1 of Ref. [23] for clarification). Furthermore, ω ν and ω π are the energies of the outgoing (anti)neutrino and pion, respectively. Their kinematic limits are given by
where M π and m N are the physical masses of the pion and the nucleon, respectively. Finally, the unpolarized Lorentz-invariant Tmatrix squared can be written as
with the leptonic tensor ( 0123 = −1),
. The plus (minus) sign corresponds to the neutrino-(antineutrino-) induced reactions, respectively. In terms of the hadronic amplitudes H α introduced in Sec. II, the hadronic tensor reads
whereH α = γ 0 H † α γ 0 . In our numerical computation, the values of those parameters common to both CC and NC pion production are assigned as in Ref. [23] . The extra LECs present in the NC case are fixed as follows: 2 c 7 (−2.68 ± 0.08) and d 7,9 = (0 ± 1) GeV −2 . More specifically, c 7 is determined using the empirical values of the anomalous magnetic moments of the proton (κ p ) and the neutron (κ n ) [42, 43] , while the error is a rough estimate of higherorder contributions based on the results of Ref. [42] . For the other two LECs there are no determinations using the present framework 3 . Therefore, they have been set to natural values, which is a reasonable estimate only ), where the superscripts 'BBS' have been added for the sake of clarity. 3 The value of d 7 can in principle be extracted from the proton charge and magnetic radii [42] .
when the ∆ resonance is explicitly taken into account, as in the present study. In Fig. 1 , total cross sections for all the physical NC single pion production channels are displayed as a function of E ν , the energy of the incoming (anti)neutrino in the laboratory frame. As in the CC case [23] , our chiral predictions for the NC cross sections are expected to be reliable up to the neutrino energy E ν,ChPT ∼ E ν,th + M π 283 MeV, where the threshold energy E ν,th = M π +M 2 π /(2m N ) 149.3 MeV. This energy interval (E ν,th , E ν,th + M π ) is relatively far away from E ∆ ν 338. 8 MeV, at which the final πN system starts reaching the ∆ pole, so that the adopted δcounting rule is appropriate. Although of higher order, the ∆-width has been incorporated in the ∆ propagator as in Eq. (A4) of Ref. [23] . This allows to extend the results smoothly to higher energies with minor impact on the cross sections in the energy region we are concerned with. The bands in the curves of Fig. 1 denote the uncertainties propagated from the errors of the involved LECs. The uncertainty due the higher-order terms in the chiral expansion is expected to be negligible, since we restrict ourselves to the low-energy region close to threshold.
For comparison, we also show the total cross sections produced by the NuWro [44] and GENIE [45] neutrino Monte Carlo generators. It can be observed from Fig. 1 that both the NuWro and GENIE results agree with the ChPT ones with only the ∆ contribution. However, they underestimate the full ChPT predictions. The later reveal a sizable non-resonant contribution close to threshold, which is not accounted by the event generators.
Furthermore, we confront our results with a theoretical model proposed in Ref. [11] and improved in Refs. [46] [47] [48] , as described in Ref. [49] . In that model, denoted as HNV in Fig. 1 , on top of some resonances, the chiral non-resonant terms at lowest order are considered, which leads to larger cross sections than in the NuWro and GENIE codes. On the other hand, our systematic ChPT calculation up to O(p 3 ) contains additional higherorder terms of O(p 2 ) and O(p 3 ), as well as loops. The HNV model only partially and phenomenologically accounts for higher-order contribution through empirical form factors and Watson phases. The O(p 3 ) ChPT calculation produces considerably larger cross sections with respect to the HNV model in all reaction channels, with the closest accord found forνn →νpπ − . Similar conclusions are expected in the comparison to the dynamical coupled-channel model of Refs. [17, 50, 51] since their results are in good agreement with the HNV model at low energies, as pointed out in Ref. [49] .
V. SUMMARY
We have studied neutral-current weak pion production off the nucleon in covariant ChPT with explicit ∆(1232) up to O(p 3 ) following the δ-counting rule. The amplitudes have been renormalized using the EOMS scheme. Three new LECs not present in the CC case are now re- Our ChPT calculation is expected to be reliable up to the energy marked by the vertical green line. The vertical blue line at a higher energy indicates the energy at which the ∆ pole starts to be reached. The bands account for 1σ uncertainties propagated from the errors of the LECs. For comparison, results produced by the HNV model [11] , NuWro [44] and GENIE [45] Monte Carlo generators are also shown by dots, crosses and hollow diamonds, respectively.
quired. By setting the LECs either to values determined elsewhere within the same scheme or, otherwise, to natural values, we have predicted the cross sections for all the eight physical processes induced by neutrinos or antineutrinos. In the incoming-neutrino energy interval in which the calculation is expected to be valid, our predictions for the ∆ excitation mechanism conform well with the corresponding output from the widely used NuWro and GENIE neutrino event generators. However, for all the channels the full ChPT results are significantly larger due to the systematic and model-independent inclusion of non-resonant terms. This observation implies that a precise description of low-energy weak pion production requires a realistic account of non-resonant amplitudes.
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